We report the identification of 47 foxtail millet (Setaria italica (L.) P. Beauv.) seed storage proteins (SSPs) consisting of 14 albumins, 12 prolamins, 18 globulins and 3 glutelins using computational approaches and compared their essential amino acid composition with 225 SSPs of rice, barley, sorghum and maize. Comparative analysis revealed several unique foxtail millet SSPs containing high amounts of essential amino acids. These include three 2s-albumin proteins containing 11.9%, 10.9%, 9.82% lysine, one 10-kDa prolamin containing 20% methionine residues and one each 7S-globulin, 10-kDa prolamin, alpha-zein proteins containing 9.2% threonine, 9.35% phenylalanine and 2.5% tryptophan, respectively. High lysine containing albumins and high methionine containing prolamins were also detected in other cereals indicating that these SSPs are widespread in cereals. Phylogenetic studies revealed that the foxtail millet SSPs are closer to sorghum and maize. The lysine-rich albumins and the methionine-rich prolamins formed a separate cluster. Motif analysis of lysine-rich albumins displayed several lysine containing conserved motifs across cereals including foxtail millet. The 10-kDa prolamin protein containing 20% methionine was unique as it lacked the characteristic repeat motifs of methionine found in the high methionine containing zeins and kafirins. The motif "NPAAFWQQQQLL" was uniquely repeated in the foxtail millet high tryptophan prolamin protein. The findings of the present study provide new insights in foxtail millet seed storage protein characterization and their nutritional importance in terms of essential amino acid composition.
Introduction
Cereals and legumes are the most important crops in the world. They are not only the source of energy, but also provide proteins for the nutrition of humans, animals and livestock. Since proteins derived from animal sources are expensive, people in developing countries virtually depend on seed protein alone for their entire protein requirement (Mandal and Mandal 2000) . Seed storage proteins (SSPs) are specifically synthesized at high levels in the developing seed (in cotyledon in case of pulses or in endosperm in case of cereals) with temporal and spatial control of synthesis during endosperm development. Cereal SSPs are deposited mostly in special storage organelles called protein bodies and accumulate in high amounts during mid-maturation stage of seed development. Subsequently, the SSPs are used up during germination. Based on the solubilities in solvents such as 1 3 415 Page 2 of 16 water, dilute saline, alcohol-water mixtures, and dilute alkali and acid (Shewry and Halford 2002) , the storage proteins have been classified into four groups namely-albumins, globulins, prolamins, and glutelins. Albumins and globulins comprise the major storage proteins of dicots (e.g. pulses), whereas except oats (Avena sativa) and rice (Oryza sativa), the major endosperm storage proteins of all cereal grains including maize (Zea mays), sorghum (Sorghum bicolor), coix (Coix lacryma-jobi) and millets are the water-alcohol mixture soluble prolamins, which accounts for more than 50% of the total protein. The 2S albumins are widely distributed in both mono-and di-cotyledonous plants (Youle and Huang 1981) , and have been reported to play important roles in plant defence against fungal attack (Agizzio et al. 2006) . Because of the presence of high content of sulphur-containing amino acids, the 2S albumins are of increasing interest in nutritional and clinical studies. However, in recent years, some members of this protein family have been described as major food allergens. The globulin SSPs are broadly categorized into two types (1) the 7S globulins-present in the embryo and outer aleurone layer of the endosperm (Wallace and Kriz 1991) and (2) the 11-12S globulins located in the starchy endosperm. The 7S globulins have limited sequence similarity with the 7S vicilins of legumes and other dicotyledonous plants, and have similar structures and properties. Related proteins have been found in embryos and/or aleurone layers of wheat, barley and oats (Shewry and Halford 2002) . Since, aleurone and embryo is usually removed by milling (wheat), polishing (rice), pearling (barley) or decortication (sorghum), before human consumption, the globulins in these tissues have limited impact on the end use properties of the grain. In oats and rice, the 11-12S storage globulins form the major endosperm storage protein fraction and are related to the widely distributed 'legumin' type globulins, which occur in most dicotyledonous species (Casey 1999) . The rice proteins classically defined as glutelins belong to the 11-12S globulin family. Based on the primary sequence comparisons, the glutelins have been classified into A and B types (Takaiwa et al. 1991) . The rice B-type glutelin has more lysine content, and therefore has been suggested as a good genetic resource to improve rice protein quality. The prolamins are the dominant class of seed storage protein in many cereals and are characterized as having a high glutamine and proline content. Prolamins are named differently in different cereals such as in wheat (gliadin), barley (hordein), rye (secalin), corn (zein), sorghum (kafirin) and as avenin in oats. The rice, barley, maize and sorghum prolamins accounts for about 35%, 50%, 60%, 80% of the total endosperm protein, respectively. Although prolamins were initially distinguished as a group of proteins soluble in 70% ethanol (Osborne 1897) , the differences in aqueous solubility, ability to form disulfide interactions, molecular weight, gene sequence were subsequently used to classify prolamin sub-families. For example, the zeins and the kafirins are grouped into α, β, γ and δ types (Holding 2014) . Nutritionally, the 13-kDa rice prolamin polypeptide has a higher content of leucine, glutamic acid and aspartic acid and a low content of lysine and sulphur-containing amino acids, whereas the 10-kDa and 16-kDa polypeptides have a higher content of sulphur-containing amino acids (Mitsukawa et al. 1999) . The S-rich (sulphur rich) B-hordeins of barley have very high glutamine-proline content and relatively higher cysteine content, while the S-poor (sulphur poor) C-hordeins lack cysteine and have very low methionine and lysine content (Shewry et al. 1981) . Similarly, the wheat α, β and γ-gliadins, oat α, β and γ-avenins and the maize α, β, γ and δ zeins are poor in lysine, arginine, histidine and tryptophan content (Matta et al. 2009 ). Overall, the low content of lysine and tryptophan in the prolamin fractions makes the prolamin proteins inferior in nutritional quality.
The identification of nutritionally superior SSPs (such as methionine rich) has opened up possibilities to engineer crops to provide higher essential amino acid content in human and animal diets (Chakraborty et al. 2000; Molvig et al. 1997; Tabe et al. 1995) . Nucleotide sequences of several genes encoding seed storage proteins from important cereals are now available in the public databases and the list is increasing with the sequencing of cereal genomes.
Recently, the foxtail millet (Setaria italica (L.) P. Beauv) genome has been sequenced (Zhang et al. 2012) and its genome sequence is available. Since, millets are known for their nutraceutical value and quality proteins (Kumar et al. 2015 (Kumar et al. , 2016b Gupta et al. 2017) , the availability of the genome sequence provides a unique opportunity to identify and characterize its seed storage proteins. In this study, we report the identification SSPs of foxtail millet, access their nutritional potential and show their phylogenetic relationship with the seed storage proteins of other cereals.
Materials and methods
Retrieving seed storage protein sequences of rice, maize, barley and sorghum Protein sequences of seed storage proteins of rice were downloaded from "Rice Genome Annotation Project Database" (RGAPD) (http://rice.plant biolo gy.msu.edu/) and the SSPs of maize, barley and sorghum were downloaded from NCBI. For more comprehensive information about the SSPs of maize, barley and sorghum, the genome-wide protein sequence file was downloaded from their respective genome databases, viz., for maize-ftp://ftp.ensem blgen omes.org/ pub/plant s/relea se-35/fasta /zea_mays, for barley-ftp:// ftp.ensem blgen omes.org/pub/plant s/relea se-35/fasta /horde um_vulga re, and for sorghum-ftp://ftp.ensem blgen omes. org/pub/plant s/relea se-35/fasta /sorgh um_bicol or. Using the tool HMMER3.1 and the protein sequences obtained from NCBI and RGAPD, individual HMM profiles of each SSPs protein family were generated using "hmmbuild" program. Using the "hmmsearch" program hmmprofiles of individual protein family used as query against the maize, sorghum and barley protein databases and protein hits were recovered. Other hmm programs such as the "phmmer" and "jackhammer" were also used to detect homologous target SSP protein sequences in the respective target databases. To filter out the nonspecific SSPs, the protein sequence hits were further analysed using the BLAST2GO software and the protein sequences showing homologies with known SSPs were identified and stored in separate files. Finally duplicate sequences were removed by running a simple perl script. The final dataset of SSP is shown in Table 1 .
Retrieving foxtail millet genomic information and identification of foxtail millet SSP sequences
Foxtail millet (Setaria italica strain Yugu1) individual chromosome sequence information, CDS (coding DNA sequence) and predicted protein sequences were downloaded from NCBI-FTP resource (ftp://ftp.ncbi.nlm.nih. gov/genom es/Setar ia_itali ca/). As described before, using the HMMER3.1-hmmbuild program the non-redundant dataset generated was again used to generate SSP hmmprofiles of each SSP protein family, viz., prolamin, globulin (7S, 11S and 12S), 2S-albumin, vicilin, con-vicilin, legumin, zein, glutelin, glutenin, hordeins and was subsequently used to identify homologous foxtail millet SSPs using the "hmmsearch" program. The BLAST-like program "phmmer", which searches a single protein sequence against a protein sequence database (foxtail millet protein sequence database), and the PSI BLAST-like program "jackhammer", which iteratively searches a protein sequence against a protein sequence database were also used to detect homologues target SSP protein sequences. The hits were filtered using the BLAST2GO software and the annotated protein sequences showing homologies with known SSPs were identified and saved.
Determination of the percentage of each amino acid in each SSP sequence
The retrieved fasta formatted seed storage protein sequences were saved in a single txt file (.txt) and batch counting of individual amino acids in a protein sequence was carried out using the 'Biostring' package of Rstudio ver3.2.4 (revised). The output file was managed using MS-Excel and percentage of individual amino acids in each protein sequence was calculated using a simple formula (number of amino acids in a protein sequence*100)/total number of amino acids).
Statistical analysis
The classification of seed storage proteins dataset based on their percent individual essential amino acid content was carried out by k-mean clustering method. The R-packages "psych", "stats", "mclust" and "rattle" were used for the analysis. The Kaiser-Meyer-Olkin (KMO) test [overall measures for sampling adequacy (MSA)] for the set of Table 1 Total number of seed storage proteins of different cereals included in the present investigation All rice SSPs were retrieved from the TIGR database. All globulins of sorghum, maize and barley, and all prolamins of sorghum and maize were retrieved from NCBI database. Two (2) prolamins, 22 hordeins and 1 glutelin protein of barley were also retrieved from NCBI database. Sixteen, 34 and 19 albumin proteins of sorghum, maize and barley, respectively, along with 3-avenin and 1 farinin proteins of barley were identified in the present study. Hmm profiles of the resulting protein data of rice, sorghum, maize and barley was subsequently used to identify the foxtail millet SSPs. The details of each SSP are given in the parenthesis (7S-7, 11S-3, legumin-2, vicilin-2, globulin-1s-allele-1, embryo-globulin-1) (NCBI) (NCBI-prolamin-2, NCBIhordein-22, identified in this study-avenin-3, farinin-1) (NCBI-1, identified in this study-1) Fox tail millet (identified in the present study)
variables included in the analysis was 0.543, which exceeded the minimum requirement of 0.50 for overall MSA. The probability associated with the Bartlett test was < 0.001, which satisfied the requirement for carrying out principal component analysis (PCA) to determine the number of clusters in the dataset. The PCA revealed 4 eigenvalues greater than 1 explaining cumulative variance of about 64%. Hence, the SSPs were classified by taking the value of k = 4. The ANOVA test for all the k-mean clustering analysis revealed that the clusters were significantly different (p < 0.001) from each other.
Phylogenetic analysis of foxtail millet SSPs with rice SSPs
Phylogenetic relationship of the identified SSPs of foxtail millet was studied with the SSPs of rice, sorghum, maize and barley. To better understand the phylogeny, individual SSP family-specific tree (albumin, globulin, prolamin and glutelin) was studied. The identified foxtail millet seed storage protein sequences, as well as that of rice, sorghum, barley and maize along with high methionine content SSPs earlier reported in rice, maize, sorghum were aligned using the ClustalW multiple sequence alignment tool available online (http://www.genom e.jp/tools /clust alw/, Kyoto University Bioinformatics Centre). The resultant tree file (with the extension .dnd) was downloaded and a phylogenetic tree was constructed using the neighborhood joining method using the software MEGA Ver. 7.0.20 (Kumar et al. 2016a ).
Domain and motif analysis of protein sequences
Since seed storage proteins contain characteristic and unique domains, the foxtail millet protein sequences found to contain high percentage of essential amino acids were analysed using Uniprot (http://www.unipr ot.org/) and the protein domain finding tool "SMART" (Letunic et al. 2015) . To find repeating conserved motif units in the group of proteins sharing high percentage of essential amino acids, the MEME (multiple EM for motif elicitation) version 4.11.3 program (Timothy et al. 2009 ) was used with the following parameters: minimum motif width was set to 4 while the maximum motif was kept as 12 with any number of motifs repetitions. Maximum number of motifs detection was restricted to 10. Consensus motifs were generated using MAST (Motif Alignment & Search Tool, http://meme.sdsc.edu/meme4 _1/ cgi-bin/mast.cgi) (Timothy and Michael 1998) .
Mapping and visualizing the identified seed storage protein genes onto foxtail genome
To map and visualize the location of all the identified foxtail millet SSPs genes on foxtail millet genome, Genome
Blast search was performed using individual SSPs coding DNA sequences (CDS) as query sequences. Using the RFLP genetic map of Setaria italica (annotation release 100), the physical location of the blast hits and the map drawing software "MapChart 2.30", the foxtail millet chromosomes were constructed and SSP genes were mapped.
Results
Retrieving rice, sorghum, maize, barley SSPs and identification of foxtail millet seed storage protein sequences 
Determination of percent individual essential amino acid content in foxtail millet seed storage proteins
Percent essential amino acid content in the albumins, prolamins, glutenins and globulins of foxtail millet and other cereals is shown in the heatmaps (Figs. 1b, 2b, 3b, 4b) . Complete data on percentage of essential amino acids in individual proteins is given in the supplementary file 1. The analysis revealed several foxtail millet SSPs containing high amounts of essential amino acids. Two foxtail millet albumin proteins showed more than 10% (10.9% and 11.92%) lysine content while one albumin protein was found to contain 9.8% lysine residues (Table 2) . One 10-kDa prolamin (XP_004983434.1) was found to contain 20% methionine (Table 3) . Foxtail millet SSPs were also found to contain high percentage of tryptophan residues. Five foxtail millet SSPs exhibited more than 2% tryptophan residues (Table 4) . The foxtail millet alpha-zein protein (XP_004962290.1) was found to contain 2.5% tryptophan residues. Further, a highest phenylalanine (9.4%) containing 10-kDa prolamin (XP_004965361.1) of foxtail millet was also detected. Besides these important amino acids, high percentage of other essential amino acids like leucine, isoleucine, histidine, phenylalanine, valine and threonine were also detected in the foxtail millet SSPs. The foxtail millet albumin protein NP_001274467.1 was found to contain 47.7% total essential amino acids. List of foxtail millet proteins containing highest percentage of total essential amino acids and the characteristic domains present in their protein sequences is shown in Table 5 and Fig. 5 , respectiv ely. The cluster analysis of SSPs of foxtail millet along with that of rice, sorghum, maize and barley with respect to individual essential amino acid content grouped the SSPs according to essential amino acid content (Fig. 6 , Supplementary file 2). Twelve albumin proteins were clustered together (cluster 3) containing percent lysine residues ranging 8.6-14.1 ( Fig. 6a; Table 2 ). This group includes the three high lysine-containing foxtail millet albumin proteins. The sorghum albumin protein Sb08g005340.1 was found to contain the maximum percentage of (14.1%) lysine residues. Seven prolamin proteins of maize, sorghum and foxtail millet containing percent methionine residues ranging between 19.9 and 24.9% were clustered together [ Fig. 6b (cluster no. 3), Table 3 ]. This cluster included 5 maize zein proteins, one sorghum kafirin protein and the foxtail millet prolamin protein containing 20% methionine residues. Highest methionine residues (24.9%) were observed in the maize zein protein (U31541.1). Thirteen different SSPs of rice, maize, sorghum, barley and foxtail millet containing percent tryptophan content ranging between 2.1 and 2.6% clustered together [ Fig. 6c (cluster no 1) ]. The list of SSPs in cluster 1 is given in Table 4 . Two albumin proteins from rice and sorghum were found to contain 2.6% tryptophan while the foxtail millet alpha-zein (XP_004962290.1) was found to contain 2.5% tryptophan residues. This cluster also includes the three foxtail millet prolamin proteins (XP_004960933.1, XP_004960634.1 and XP_004965361.1) containing 2.2% tryptophan and one foxtail millet alpha-zein protein (XP_004979702.1) containing 2.1% tryptophan. Apart from the three important essential amino acids, a foxtail millet SSP 10-kDa prolamin (XP_004965361.1) was found to contain 9.4% phenylalanine, which was highest among the SSPs under study. The overall total essential amino acids in each of the SSPs revealed that there are at least some SSPs in each cereal having more than 45% total essential amino acids. Interestingly, the prolamin and albumin were among the SSPs showing highest percentage of total essential amino acids. The seed storage proteins containing highest amounts of other essential amino acids histidine, valine, leucine, isoleucine, threonine are given in the supplementary file 1.
Phylogenetic relationship of foxtail millet SSPs with other cereals
The albumin proteins clustered into 7 major groups (Fig. 1a) . The rice and maize albumins showed high degree of sequence homology among themselves. However, the foxtail millet albumins did not cluster together and showed sequence similarity to the albumins of sorghum. The high lysine containing albumin proteins of different cereals formed a separate cluster. Unlike rice and barley prolamins, which showed species-specific sequence conservation, the foxtail millet prolamins showed similarities with prolamins of other cereals (Fig. 2a) . Similar to clustering of high lysine-containing albumin proteins, a separate and distinct group of prolamin proteins having high methionine content was also formed. The 10-kDa foxtail millet prolamin protein Si_10_kDa_XP_004983434.1 containing 20%, methionine was also present in this cluster. The glutelin proteins also showed similar species-specific clustering (Fig. 3a) . In contrast to the albumin, prolamin and glutelin proteins, which showed species-specific clustering, the globulin proteins were somewhat evenly distributed in 5 distinct groups, each containing at least one globulin protein of the cereals under study (Fig. 4a) . Table 3 Seed storage proteins of different cereals containing highest percentages of methionine residues (shown in descending order). The protein sequences of these SSPs were further analysed through the online motif finding tool "MEME" to find repeating motifs within the protein sequence as well as conserved motifs across SSPs 
Motif analysis of SSPs containing high ratios of essential amino acids
In case of high lysine-containing albumin proteins, 7 out of 10 detected conserved motifs (PFEHGYKCGSYT, VCMEKVVYVANY, NPKJPPSDACC, CLCSKVTKEIE, LIRECKQYVMFP, MAKLLLLFLIJL, VWKKABIP) were lysine-containing motifs (Fig. 7) . The positions and composition of motifs across the proteins were highly conserved. The two foxtail millet high lysine-containing albumin proteins Si_Albumin_NP_001274467.1(11.9% K) and Si_Albumin_XP_004970265.1 (10.1% K) had similar motif compositions while in the third albumin Si_Albumin_XP_012702999.1(9.8% K) many of the conserved motifs were missing. The conserved motifs containing methionine residues detected in high methionine-containing SSPs were CMQSCMMQQLLA, PSMMPPMM, AAKMLALFALLA, PQCHCDAVSQIM, The motif "PSMMPPMM" was repeated 9 times in the proteins Zm_Zein_U31541.1 (24.9% M) and Zm_18kD_ delta_zein_AF371265.1 (23.7% M) while it was repeated 5 times in the proteins Zm_10kD_delta_zein_AF371266.1 (20.7% M), Zm_AY104139.1 (20.7% M), and Zm_10_ kDa_zein_M23537.1 (20% M). The foxtail millet protein Si_10_kDa_Prolamin_XP_004983434.1 with 20% methionine however, showed a different pattern and was found to contain two copies of the motif "CMQSCMMQQLLA", Fig. 6 Clustering of cereal seed storage proteins according to the percentages of essential lysine, methionine, tryptophan and total essential amino acid content. Clustering was performed using R-packages "psych", "stats", "mclust" and "rattle". k-mean clustering was carried out at k = 4. The clusters are significantly different at p < 0.001. Members of each cluster is given in the supplementary file 2 one copy each of the motif "QQLPFMFNPTAM" and "NFPHMMGIGMMD" (Fig. 8) . In SSPs containing high percentage of tryptophan residues, only 3 out of the 10 detected conserved motifs (NPAAFWQQQQLL, EEAMPPLEKGWW, FRWGTGLRMRCC) were found to contain tryptophan residues. Most striking was the motif "NPAAFWQQQQLL", which was specifically present only in the foxtail millet proteins Si_Zein-alpha_ XP_004962290.1 (2.5% trp residues) and Si_Zein-alpha_ XP_004979702.1 (2.1% trp residues) in 6 and 8 copies, respectively (Fig. 9) . Similar to motifs rich in methionine, motif rich in phenylalanine were also detected in the SSPs containing high percentage of phenylalanine (Supplementary Figure 1 & Supplementary Table 1 ). The foxtail millet 10 kDa prolamin protein (XP_004965361.1) containing 9.4% phenylalanine did not show any repeat motif. Only a single copy of phenylalanine containing motif "QQPFPLQPQQPF" was detected. High leucine-containing SSPs showed the presence of many conserved motifs containing leucine residues. The motif "AYLQQQQLL-PFN" was repeated 5 times each in foxtail millet SSPs Si_Zein_alpha_XP_004979702 (containing 17.1% leu) and Si_Zein_alpha_XP00497904 (containing 18.4% Leu) (Supplementary Figure 2, Supplementary Table 2) . Although, motifs containing multiple residues of valine and threonine were detected, the number of copies was restricted to one or two only (Supplementary Figure Table 5 and Table 6 . Overall, it appears that the percentage of the essential amino acid in any protein does not strongly correlate with the number of repeated motifs containing more number of essential amino acid residues. 
Mapping and visualizing the identified seed storage protein genes onto foxtail genome
At present, the physical map and the genetic map of Setaria italica has not been integrated. Therefore, using the physical location (in terms of base pairs distance from the chromosome end) of the SSP genes resulting from the genome blast and the RFLP genetic map, all the SSP genes were mapped onto foxtail millet genome. Five albumin SSP genes were mapped on chromosome 5, while 3 were mapped on each chromosome 2, 7 and 9. Three, four and two prolamin SSP genes were mapped on chromosomes 3, 8 and 9, respectively, whereas one prolamin SSP was mapped on chromosome 4. One glutelin SSP was mapped on each chromosome 1 and 2, while two SSPs were mapped on chromosome 3. Compared to the other SSP gene families, the globulin SSP genes were spread throughout the genome. Five globulin SSP genes were found to be located on the chromosome 5, while 4 genes were mapped each on chromosomes 3 and 9. Two globulin SSP genes were mapped on chromosome 4, while one each was located on chromosome 7 and 8. No SSPs were mapped on chromosome 6. The locations of the identified foxtail millet SSP genes are shown in Fig. 10 .
Discussion

Foxtail millet seed storage proteins
To identify seed storage proteins of foxtail millet using homology approach, we initially collected the available SSPs of rice, maize, barley and sorghum from various public databases. Although different seed storage family members (albumins, globulins, prolamins and glutenins) of rice were retrieved, only a few members of seed storage proteins of maize, barley and sorghum could be retrieved. Therefore, to generate more comprehensive HMM profiles of SSPs for detecting target SSPs of foxtail millet, additional seed storage proteins of sorghum, maize and barley were identified. Using the HMM profiles of the initially identified 6 and 2 albumin proteins of rice and barley additional 16, 34 and 19 albumin proteins of sorghum, maize and barley, respectively, were identified. Similarly, three avenin-like and one farinin-like proteins of barley were identified. Finally, using HMM profiles of the newly identified SSPs, 47 non-redundant SSPs of foxtail millet consisting of 12 prolamin, 18 globulin, 14 albumin and 3 glutelin proteins were identified. The identified SSPs were single copy SSPs that mapped onto unique locations on the foxtail millet genome. The map locations (Fig. 10 ) of these SSPs might be useful in understanding the evolution of these unique proteins and to understand their syntenic relationships with the SSPs of other cereals.
Phylogenetic relationship of foxtail millet SSPs with the SSPs of other cereals
Sequence alignment of the foxtail millet SSPs to SSPs of rice, maize, barley and sorghum revealed that, in general, the strongest conservation occurred within species. Strongest within-species conservation was observed in the albumins of maize and rice and to some extent barley, and the prolamins of rice and barley. Unlike the albumins of rice and maize, the foxtail millet albumins did not cluster together and showed higher similarities with sorghum than barley or maize. Similarly, the foxtail millet prolamins showed closeness to the sorghum prolamins. The closeness of foxtail millet SSPs with sorghum and maize could be expected as foxtail millet is phylogenetically closer to sorghum and maize (Brutnell et al. 2010) . Moreover, the genus Setaria is a member of the tribe Paniceae closely related to Andropogoneae, which includes maize and sorghum. Setaria last shared a common ancestor with maize and sorghum ~ 26 Myr ago, a rather more recent event than with rice and Brachypodium, which is ~ 52 Myr ago (Bennetzen et al. 2012) . Further, like sorghum and maize, Setaria uses C4 type of photosynthesis. The high conservedness shown by the prolamins and albumins might be because of the fact that the seed storage protein gene families have expanded in a lineage-specific manner through gene duplication (Xu and Messing 2008) . However, unlike the prolamins and albumins proteins, no species-specific cluster of globulin proteins were observed. The globulin proteins were distributed in different groups each containing globulin proteins of each cereal. Homologous foxtail millet globulin proteins could be observed in each cluster. It appears that the globin proteins are more diverged compared to prolamins and albumins. This might be possible because the globulins proteins, which are a part of the cupin superfamily (Dunwell et al. 2004) , are the most widely distributed group of storage proteins evolved from bacterial enzymes. The globulins are present in both dicots and monocots (Shewry et al. 1995) . Separate groups containing homologous globulin proteins of different cereals indicate the presence of a common ancestor before their divergence into separate lineages. The remarkable clustering of high lysine-containing albumins and high methioninecontaining prolamins into a separate cluster suggests that at least one high lysine and methionine-containing protein is present in all the cereals, which might be evolutionarily related and share a common ancestor.
Essential amino acid and motif composition of foxtail millet compared to the SSPs of other cereals
The amino acid composition of many foxtail millet SSPs was found to be among the highest compared to the SSPs of other cereals. The present investigation shows that compared to other SSPs the albumin proteins contain relatively higher percentage of lysine residues. Except the albumins of rice, 8 albumin proteins of different cereals including the 2 from foxtail millet were found to contain lysine residues more than 10%. The motif analysis revealed that the high lysine percentage was as a result of the presence of different conserved motifs containing lysine residues. As naturally occurring SSPs rich in lysine have not been reported (Yue et al. 2014; Lang et al. 2004; Jiang et al. 2016) , the high lysinecontaining albumin proteins identified in the present study appear to be good alternatives. However, since albumin proteins have been reported to be allergic, it is necessary to assess the allergenicity of the protein first before using it as a transgene (Moreno and Clemente 2008) . In addition to the nutritional aspects, presence of high-lysine albumins might provide additional advantage to biotic and abiotic stress tolerance in plants (Cândido and Pinto 2011; Galili et al. 2001) . Unlike a number of high-lysine albumin proteins identified in foxtail millet, only one high methionine-containing SSP (10 kDa prolamin) was identified as compared to the high methionine-containing SSPs reported in other crops (Izquierdo and Godwin 2005 ). It appears that at least one high methionine-containing SSP is present in each cereal. Motif analysis revealed the absence of the characteristic repeated units of methionine-rich motif "PSMMPPMM" in the high methionine foxtail millet SSP, which was present predominantly in high methionine zeins and kafirins. This indicates that the high methionine-containing maize zeins are evolutionarily more conserved while the high methionine kafirins have diverged and lost some of the motif repeats. The absence of any of the repeats in the foxtail millet high methionine-containing foxtail millet indicates that the protein probably has diverged and is different compared to other high methionine-containing SSPs.
Tryptophan is an essential component of the human diet and plays a crucial role in many metabolic functions. Seed storage proteins are generally devoid of this amino acid. The identification of a high tryptophan (2.5%)-containing foxtail millet 10-kDa prolamin protein in the present study appears to be promising as it offers a unique opportunity to increase tryptophan levels in cereal seeds. Identification of the unique repeating motif in this protein "NPAAFWQQQQLL" also opens new avenues to engineer SSPs for achieving high tryptophan levels during seed development. Likewise, another foxtail millet 10-kDa prolamin containing highest phenylalanine content (9.4%) offers opportunity to increase phenylalanine content in cereal seeds. Apart from these important amino acids discussed, the 2s albumin and the 7s globulin protein containing 11.92% valine and 9.16% threonine, respectively, with high overall essential amino acid content (Table 5) could be promising candidate genes for cereal nutritional quality improvement programmes. The coding region of the foxtail millet genes encoding these proteins could be inserted into suitable plant gene delivery vectors under the control of a strong seed-specific promoter for its high expressions in developing seed to increase the content of the desired amino acid in the seed. More research endeavors are required to fully understand the nutritional capability of foxtail millet.
Conclusion
Foxtail millet is known as a nutritious cereal crop for centuries. The present study highlights the presence of unique seed storage proteins containing high amounts of essential amino acids identified so far in any other cereals and legumes. The earlier studies on biofortification of major food grains with essential amino acids have used genes encoding non-seed storage proteins (other than seed storage proteins) from non-cereal sources. Hence, the seed storage protein with highest lysine, tryptophan and other essential amino acid content could be potential candidates for future biofortification studies in major cereals. Further, along with the strategy of over producing free amino acids, the genes encoding these proteins could be used as transgenes to generate effective sinks for production of nutritious grains rich in essential amino acids.
